ABSTRACT
Borna disease virus (BDV) is the causative agent of a nonpurulent meningoencephalitis observed predominantly in horses and sheep (1, 2) . It is an enveloped virus with a single-stranded RNA genome of negative polarity (3, 4) , and it represents the prototype member of a new virus family designated Bornaviridae in the order Mononegavirales (5, 6) . BDV has an extraordinarily broad host range in warm-blooded animals, and it can replicate in the central nervous system (CNS) of a large number of experimentally infected animal species (1) . BDV infections of humans with psychiatric disorders were reported (7) (8) (9) (10) . However, the etiological role of BDV in human mental disease remains to be elucidated.
In naturally infected hosts and in experimentally infected adult rats, neurological disease and behavioral abnormalities seem to result mainly from immunopathological processes (11) (12) (13) . Strong perivascular and parenchymal infiltrations of CD4 ϩ and CD8 ϩ T cells were observed, and their appearance in the brain correlated with onset of disease symptoms (11, (13) (14) (15) (16) . Initially, the role of CD4 ϩ T cells for induction of Borna disease was emphasized (17, 18) . However, recent studies in the rat model system indicated that immunopathology is, in fact, mediated by CD8 ϩ T cells that require help from the CD4 ϩ T cell subset (15, 16, 19, 20) . Lymphocytes from brains of infected rats showed cytotoxic activity in vitro mainly against target cells expressing the viral nucleoprotein (21) .
We recently established a mouse model for BDV-induced neurological disease (22) . In this experimental system, animals of the MRL strain are infected intracerebrally with BDV. Under these conditions the virus replicates readily in brain neurons, where it reaches maximal titers by 3-4 weeks postinfection. After 4-6 weeks, most infected MRL mice suddenly start to show signs of strong neurological disorder, including ataxia, movement disorders, paraparesis, apathy, and death. Because histological examinations of brains from diseased mice showed massive lymphocytic infiltrations and because infection of ␤ 2 -microglobulin-deficient MRL mice lacking CD8 ϩ T cells did not result in disease, it was concluded that immunopathological mechanisms were at work (22) . However, no data concerning the specificity of the T cells involved in the disease-inducing immune response have been available to date.
A unique feature of the mouse model system is that although the virus replicates to similar titers in brains of all mouse strains, susceptibility to BDV-induced neurological disease depends strongly on the genetic background of the animals (22) . MRL mice are highly susceptible, whereas C57BL͞6 and closely related strains of mice are resistant. Interestingly, susceptible and resistant mice produce antibodies to BDV antigens (22) , indicating that the humoral arm of the immune system readily responds to the viral infection. To account for the phenotype of disease-resistant mice, we speculated that because BDV replication is restricted to immunoprivileged sites in the brain, the cellular arm of the immune system may fail to recognize the viral antigens. In agreement with this hypothesis, we report here that immunization of persistently infected healthy B10.BR mice with a recombinant vaccinia virus expressing the BDV nucleoprotein resulted in neurological disease.
MATERIALS AND METHODS
Mice. CBA͞J mice were from Charles River Breeding Laboratories, MRL͞MpJ and B10.BR mice were from The Jackson Laboratory, and C57BL͞10 mice were from the animal facility of the Max-Planck Institute for Immunology, Freiburg, Germany. All breedings were done in the local animal facility.
Viruses. BDV-He͞80 was used throughout this study. Stocks of rat-adapted BDV were used that represented the fourth or
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fifth consecutive passage in brains of newborn Lewis rats, or a stock of mouse-adapted virus prepared from the fourth passage in brains of newborn-infected BALB͞c mice was used. Preparation of virus stocks and determination of virus titers were done as described (22) . Titers were approximately 10 6 focus-forming units͞ml for stocks of rat-adapted virus and 2 ϫ 10 5 focus-forming units͞ml for the stock of mouse-adapted BDV. Recombinant vaccinia viruses expressing the various BDV proteins were constructed and propagated according to standard procedures by using strain WR. Other vaccinia viruses were VV-NA, expressing influenza A virus neuraminidase (23) , and VV-NP͞VSV, expressing the nucleoprotein of vesicular stomatitis virus (24) . Animal Infections. Newborn MRL, CBA͞J, B10.BR, and C57BL͞10 mice (less than 24 h of age) were infected by the intracerebral route with 10 l of undiluted BDV stock (2 ϫ Analysis of Disease Symptoms. Virus-infected mice were examined daily and weighed frequently during the critical stages of infection and disease. Disease symptoms were scored as follows: 0 ϭ no symptoms; 1 ϭ low degree of ataxia, torticollis, unphysiological and uncontrolled movements of extremities when animal held up by the tail, rough fur, or hunched posture; 2 ϭ pronounced weight loss, severe ataxia and torticollis, paraparesis, apathy, characteristic position of hind limbs when animal lifted by the tail as described (22), or death.
Flow Cytometry. Approximately 50 l of blood was taken from the tail veins of antibody-treated mice and were resuspended in PBS containing 2% FCS͞0.1% NaN 3 ͞10 units/ml heparin (Liquemin; Hoffmann-LaRoche). The cell suspension was incubated with R-phycoerythrin (R-PE)-labeled anti-CD4 and f luorescein-labeled anti-CD8 antibodies (1:200; Life Technologies, Gaithersburg, MD) for 20 min at room temperature, washed, and incubated with FACS lysing solution (Becton-Dickinson) as described by the manufacturer to eliminate red blood cells. For detection of activation markers, lymphocytes from brain or spleen were stained with fluoresceinlabeled anti-CD8 or anti-CD4 (1:200; Life Technologies) and biotinylated anti-CD25, anti-CD62L, or anti-CD69 (PharMingen) followed by incubation with streptavidin-R-PE (Caltag, South San Francisco, CA). Analysis of cells was performed on a FACScan flow cytometer (Becton-Dickinson).
Histology and Immunohistochemical Staining. Complete brain hemispheres from sacrificed animals were preserved in Zamboni's fixative (4% paraformaldehyde and 15% picric acid in 0.25 M sodium phosphate, pH 7.5) and embedded in paraffin. Four-micrometer sagittal sections were stained with hematoxylin͞eosin and viewed and photographed under a Leitz Dialux 20 EB microscope. The degree of encephalitis was scored on an arbitrary scale from 0 to 3: 0 ϭ no infiltrates, 1 ϭ up to three perivascular infiltrates per brain section with one or two layers of cells; 2 ϭ up to six perivascular infiltrates per brain section with multilayer appearance and one or two parenchymal infiltrates; three ϭ more than six perivascular infiltrates per brain section with multiple layers of cells and strong infiltration of parenchyma at multiple sites. Immunostaining of brain sections was performed with a monoclonal mouse antibody against BDV p40 (38͞17C1) in a 1:200 dilution overnight at 4°C. After extensive washing, bound antibody was detected by using the peroxidase-based Vectastain-elite ABC kit (Vector Laboratories) according to the manufacturer's instructions and counterstained with hematoxylin.
In Vitro Cytotoxicity Assay of Brain Lymphocytes. Brain lymphocytes were isolated as described (21, 25), and their cytolytic activity was determined by a standard 51 Cr release assay. Target cells were prepared as follows: 5 ϫ 10 6 L929 (H-2 k ) or MC57G (H-2 b ) cells in 0.5 ml of DMEM͞10% FCS were labeled in suspension with 250 Ci of 51 Cr (Amersham Pharmacia) for 2 h at 37°C. After three washings, the cells were infected with the indicated recombinant vaccinia virus at a multiplicity of infection of 5 for 2-4 h. Target cells were incubated with effector cells for 6 h at 37°C, and the percentage of specific 51 Cr release was calculated.
RESULTS

Temporary Depletion of CD8
؉ and CD4 ؉ T Cell Subsets in Vivo Delays Onset of BDV-Induced Neurological Disorder. We demonstrated recently that ␤ 2 -microglobulin knockout mice (␤ 2 m Ϫ ) lacking functional CD8 ϩ T cells do not develop CNS inflammation and neurological disorder after infection with BDV as newborns (22) . Because ␤ 2 m Ϫ mice have additional impairments of the immune system (26), we wanted to confirm the relevance of CD8 ϩ T cells in the pathogenesis of BDVinduced disease by in vivo depletion experiments. Newborninfected MRL mice were treated at 15 or 18 days of age with a mAb against CD8 followed by a second antibody administration 3-4 days later. Flow cytometry indicated that the percentage of CD8 ϩ T cells had dropped below 1% of total peripheral blood lymphocytes by 5 days postadministration of the first dose of anti-CD8 antibody and remained below 1% for at least 16 days (data not shown). At later time points, levels of CD8 ϩ T cells increased again but did not reach their normal level within 35 days. Of the nine anti-CD8-treated mice from three independent experiments, seven (78%) did not show detectable signs of neurological disease until 7 weeks of age, whereas all nine control animals developed severe neurological disorder within this period of time and had to be sacrificed (Table 1) . Disease onset in the two antibody-treated animals that developed disease was delayed by about 12 days. These two cases occurred in experiment 2 in which treatment with anti-CD8 antibody was started at day 18 instead of day 15 as in the other two experiments, raising the possibility that correct timing of antibody treatment is of critical importance for disease prevention.
We also determined the contribution of CD4 ϩ T cells to BDV-induced disease by in vivo depletion of this T cell subset. Interestingly, eight of nine mice depleted of CD4 ϩ T cells did not develop disease within the normal time range of 4 to 7 weeks postinfection (Table 1) viable lymphocytes could be recovered from brains of MRL mice at the peak of disease. The CD8 ϩ T cells in these preparations outnumbered CD4 ϩ T cells by a factor of 2.3, whereas in peripheral blood and in spleen this ratio was about 0.5. Analysis of activation markers of CD8 ϩ T cells from brains of diseased animals revealed up-regulation of CD25 (IL-2 receptor) and CD69 (very early activation marker) expression ( Fig. 1 A and C) and down-regulation of CD62L (L-selectin) (Fig. 1B) . Expression of CD49d (integrin ␣4) on brain-derived CD8 ϩ T cells was only slightly higher than on CD8 ϩ T cells from spleen (data not shown). This pattern of surface marker expression indicated an activated state of the recovered CD8 ϩ T cells. Brain-derived CD4 ϩ T cells also were activated as judged by significantly increased expression of CD69 (Fig. 1C) , and decreased expression of CD62L (Fig. 1B) .
Brain Lymphocytes Show CD8 ؉ T Cell-Dependent and MHC I-Restricted Cytotoxic Activity Mainly Against Target Cells Expressing the Viral Nucleoprotein p40. To determine the potential cytolytic activity of brain-derived CD8 ϩ T cells, we performed in vitro cell-mediated cytotoxicity assays on haplotype-matched target cells expressing BDV antigens. Because BDV does not multiply readily in mouse cells, we employed recombinant vaccinia viruses that code for the BDV protein p40, p24, or gp94 (p57) to infect mouse L929 (H-2 k ) cells that then were used as cytotoxic T lymphocyte (CTL) targets. The phenotype of the various recombinant vaccinia viruses was confirmed by immunoprecipitation experiments using monospecific antisera to the various BDV proteins and lysates of infected CV-1 cells (data not shown). When freshly isolated brain lymphocyte preparations from heavily diseased MRL mice were used as effectors without prior in vitro restimulation, strong cytotoxic activity against p40-expressing L929 cells was observed ( Fig. 2A) . In contrast, L929 cells expressing gp94 (p57) were not lysed to significantly higher levels than L929 cells infected with a vaccinia virus expressing an irrelevant protein, whereas lysis of p24-expressing cells reached intermediate levels (Fig. 2 A) . Target cell preparations infected with the various recombinant vaccinia viruses were lysed to a similar extent by vaccinia virus-specific CTLs, whereas mock-infected L929 cells were not killed (Fig. 2B) , indicating that the observed differences in target cell lysis by BDV-specific CTLs were not due to different degrees of vaccinia virus infection (Fig. 2B ). Brain lymphocyte preparations from diseased CBA͞J mice, another mouse strain with H-2 k haplotype that develops neurological disorder after BDV infection with intermediate frequency (22) , also showed high cytolytic activity against p40-expressing L929 cells (Fig. 2C ).
Brain lymphocyte preparations from naive MRL mice contained only very low numbers of lymphocytes. Mock preparations recovered from these brains showed no lytic effect on target cells (Fig. 2D) . Unlike brain lymphocyte preparations from diseased animals that showed specific lysis of p40-expressing L929 cells, effector cells prepared from their spleens showed no such activity (Fig. 2D) .
MC57G cells (H-2 b ) infected with VV-p40 were not lysed specifically by brain lymphocytes from diseased MRL mice, although the same preparation was able to lyse p40-expressing L929 cells (Fig. 2E) . By contrast, MC57G target cells infected with a vaccinia virus expressing the lymphocytic choriomeningitis virus (LCMV) glycoprotein were killed efficiently by spleen cells prepared 8 days after infection of a C57BL͞6 mouse (H-2 b ) with LCMV (data not shown). Thus, the observed in vitro cytolytic activity of mouse brain lymphocytes toward BDV p40-expressing target cells was MHC I-restricted. Consistent with this observation, in vitro depletion of CD8 ϩ T cells from brain lymphocyte preparations abrogated cytotoxic activity, whereas CD4 ϩ T cell-depleted preparations still were able to lyse p40-expressing target cells (Fig. 2F) . Thus, the CD8 ϩ T cell subset exerts the major cytotoxic activity in vitro and is probably the effector cell population responsible for the disease-inducing effects in vivo.
Peripheral Expression of p40 Induces Neurological Disorder in Persistently Infected B10.BR (H-2 k ) but Not in Congenic C57BL͞10 (H-2 b ) Mice. In contrast to the situation in MRL mice, infection of newborn B10.BR and C57BL͞10 mice with BDV results in seroconversion and lifelong viral persistence in the CNS without overt disease. None of the approximately 100 B10.BR and congenic C57BL͞10 mice with persistent BDV infections of the CNS that we have analyzed to date has ever developed neurological disease, and histological examinations of brains of such animals yielded no evidence of lymphocyte infiltrations. To challenge the hypothesis that immunological ignorance of T cells is the basis for the symptomless persistence of BDV in the CNS of disease-resistant mice, we tested whether induction of a strong BDV-specific immune response would trigger neurological disease in such animals. Superinfection of persistently infected B10.BR mice with VV-p40 induced severe neurological disease with frequent fatal outcome in more than 60% of the challenged animals (Fig. 3A) . Symptoms that first were observed about 7-10 days post-vaccinia virus challenge included ataxia, paresis, apathy, and dramatic weight loss. Animals usually had to be sacrificed 2-3 days after onset of disease symptoms. Su- perinfection with a mixture of p40-and p24-expressing vaccinia viruses resulted in an even higher rate of fatal cases, whereas superinfection with VV-p24 alone did not result in clear neurological disease (Fig. 3A) . Superinfection with VVgp94 (p57) or with a vaccinia virus expressing influenza A virus neuraminidase did not induce disease (Fig. 3A) . Furthermore, age-matched control mice (n ϭ 13) that were not infected with BDV remained healthy after challenge with VV-p40 (data not shown), indicating that both BDV infection and antiviral immune response are necessary to induce neurological disease in B10.BR mice. These results suggest that resistance of certain mouse strains to neurological disease after intracerebral BDV infection is not due to central tolerance or peripheral deletion of BDV-specific T cells, but rather to immunological ignorance of the viral infection in the CNS. Interestingly, immunizations with VV-p40 or other recombinant vaccinia viruses did not trigger disease in persistently infected C57BL͞10 mice (Fig.  3C) , demonstrating that the H-2 k haplotype is of critical importance for disease susceptibility.
Brains of VV-p40-challenged B10.BR mice that developed disease showed strong encephalitis ( Fig. 3B ) with massive mononuclear cell infiltrates predominantly in the thalamus (Fig. 4F ) and in the hippocampus formation (Fig. 4E) . These histological hallmarks were not found in persistently infected B10.BR mice challenged with VV-NA (Figs. 4 B and C) or other control vaccinia viruses (Fig. 3B) . In C57BL͞10 mice in which superinfection with neither VV-p40 nor VV-NA induced disease, no prominent encephalitis could be observed (Fig. 3D) . Encephalitic lesions were absent in the thalamus (Fig. 4I) , cortex, and brain stem (data not shown). However, few perivascular mononuclear cells were observed frequently in the hippocampus formation (Fig. 4H) . Such infiltrates often were present in brains of animals superinfected with VV-NA or other vaccinia virus recombinants (data not shown), indicating that activation of lymphocytes during the course of vaccinia virus infection contributes to this histological picture. Immunostaining of tissue sections with a mAb to the BDV p40 antigen demonstrated that all animals used for this study contained similar numbers of virus-infected cells in the brain (Fig. 4 A, D , and G and data not shown).
DISCUSSION
We used the mouse model of Borna disease virus infection (22) to characterize the immunopathological mechanisms of this Brain lymphocyte preparations containing 2 ϫ 10 6 lymphocytes͞ml were incubated for 30 min at 4°C with 10 7 magnetic beads coated with anti-CD4 or anti-CD8 antibodies (Dynal, Great Neck, NY) to deplete the respective T cell subset. Lymphocytes complexed to magnetic beads were removed, and the remaining cells were used as effectors in standard cytotoxicity assays. Spontaneous lysis of target cells usually was less than 20% except in F, where it was 40%. Specific lysis is plotted against the indicated effector-to-target-cell ratios. disease. Our data demonstrate that the onset of BDV-induced disease in wild-type MRL mice was delayed by temporary antibody depletion of CD8 ϩ T cells. We found further that brain inf lammation and neurological symptoms were prevented by temporary depletion of CD4 ϩ T cells in MRL mice, indicating that disease development also was strongly dependent on these cells. In BDV-infected Lewis rats, reduced encephalitis and improved clinical parameters also were achieved by application of CD4-specific antibodies, but antibody treatment had to be started before virus infection and had to be repeated frequently (19) . CD4 ϩ T cells have been reported to be critical for controlling persisting CNS infections of mice with the JHM strain of mouse hepatitis virus (28) or highly virulent strains of LCMV (29 -31) . CD4 ϩ T cells in the CNS seem to prevent premature apoptosis of CD8 ϩ T cells (28) . By measuring the expression of surface markers we demonstrated that highly activated CD4 ϩ and CD8 ϩ T cells were present in brains of diseased MRL mice. Interestingly, the very early activation marker CD69 was up-regulated on the majority of brain-derived lymphocytes, indicating that these cells had experienced continuous antigen stimulation in vivo, possibly in the CNS. These CD69 hi CD8 ϩ T cells were cytolytically active because they were able to kill target cells expressing the BDV nucleoprotein in vitro. Cytotoxic CD69 hi CD8 ϩ T cells were detected previously during persistent CNS inf lammation caused by a neurotropic influenza A virus (32) .
The in vitro cytotoxicity assays with lymphocytes from brains of diseased H-2 k mice showed strong reactivity toward target cells expressing the BDV nucleoprotein, whereas target cells expressing the BDV glycoprotein or the phosphoprotein were not lysed effectively. Interestingly, in Lewis rats the CTL response also is directed almost exclusively against the BDV nucleoprotein p40 (21) . Because no specific lysis of target cells expressing BDV proteins was observed with lymphocytes from spleens of diseased mice, it appears that only few BDV-specific CTLs were present in this organ.
A unique feature of the mouse model for Borna disease is that certain inbred strains do not spontaneously develop neurological disease, although they carry large amounts of virus in the brain (22) . Here we extended this observation by showing that persistently infected B10.BR mice that, like MRL mice, carry the H-2 k allele did not develop neurological disease. This constellation made it possible to test whether the peaceful coexistence of virus and host could be disturbed by triggering a strong antiviral immune response by recombinant vaccinia viruses expressing BDV antigens. We found that the majority of persistently infected B10.BR mice quickly developed neurological disease after immunization with the BDV nucleoprotein. Importantly, induction of neurological disease was not possible with vaccinia virus recombinants expressing either the large BDV glycoprotein or the BDV phosphoprotein. This finding correlates well with antigen specificity of the antiviral CTL response in H-2 k animals that is directed mainly against the p40 antigen of BDV. It is important to note that immunization with VV-p40 did not induce disease in persistently infected congenic H-2 b mice, conclusively demonstrating that Borna disease in mice is MHC-dependent.
The ease by which encephalitis could be induced in persistently infected B10.BR mice by a single round of peripheral immunization is remarkable. It indicates that BDV p40-specific cytotoxic T cells were neither deleted nor functionally inactivated in our mice. It seems rather that the potentially reactive T cells simply did not respond to the virus infection. Immunological ignorance, defined as a state during which potentially reactive T cells are not activated in spite of cognate antigen being present in the organism, is the most likely form of immunological tolerance operative in our mice before immunization. This form of immunological tolerance is expected to be overcome readily by peripheral immunization with the cognate antigen as shown for a number of autoimmune diseases, the best-studied example of which is experimental allergic encephalitis (EAE; for review, see ref. 33) .
It seems unlikely that the nonresponsiveness of T cells toward BDV in the brains of our mice relates simply to the paradigm that the CNS is an immunoprivileged site. The concept of immune privilege of certain organs, including the CNS, originally was introduced on the basis of transplantation Proc. Natl. Acad. Sci. USA 96 (1999) studies that identified sites with reduced graft-rejection rates (34, 35) . Immunoprivilege of the CNS has been attributed to a number of factors including lack of lymphatic drainage from the brain, presence of the blood-brain barrier, and low expression levels of MHC class I and II antigen on neuroectodermal cells. However, this concept has been challenged by a number of recent findings that showed that the CNS is indeed subject to extensive immunological surveillance (36) (37) (38) and that only naive T cells are excluded from trafficking through the CNS (37, 38) . Accordingly, grafts in the CNS can be rejected when a peripheral graft-specific immune reaction is initiated (39) . Thus, decreased graft rejection in the CNS is probably a result of T cell ignorance. Our study is related to work of Stevenson et al. (40, 41) , which showed that abortive infection of parenchymal brain cells with a nonneurovirulent strain of influenza A virus did not induce a detectable antibody response and that a neurovirulent strain failed to induce an immune response as long as virus replication was confined to the CNS parenchyma. A lymphatic-like system allowing export of antigen recently has been shown to exist in the CNS (42) . This antigen transport system probably also plays a critical role in the T cell activation process that precedes Borna disease in MRL mice. Because BDV-specific antibodies are induced in disease-susceptible and disease-resistant mice, it appears that antigen presenting cells of all tested mouse strains can process brain-derived viral antigens equally well for presentation on MHC class II molecules. However, it seems that only MRL mice can mount a vigorous CTL response toward such antigens at a high frequency.
Other models of autoimmunity resembling the situation in B10.BR mice persistently infected with BDV were established by creating transgenic mice that express LCMV antigens specifically in ␤ cells of the pancreas (43, 44) or oligodendroglia in brain (45) . Because transgene expression in these animals is limited strictly to pancreas and brain, respectively, the LCMV antigens are not presented to maturing T cells in the thymus and no central tolerance to the transgene product is induced. The transgenic animals are healthy because T cells of naive animals ignore the foreign antigen. However, they develop diabetes or neurological disease, respectively, after infection with LCMV because the antiviral T cell response not only eliminates virus-infected cells but also destroys noninfected cells that express the viral transgene. Because BDV is highly neurotropic in mice, an analogous situation may be operative in our system. Our experiments thus demonstrate that the peaceful coexistence of a replicating virus in the CNS and the ignorant immune system can be disturbed by immunization with suitable antigen.
